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Abstract 
One approach to damage assessment in composite structures is to examine the strain field induced by service loads and 
compare the fields measured during maintenance with those observed in pristine or virgin components.  Levels of damage 
that cause appreciable changes in the strain field observed in service are significant since it is very likely that they will 
cause premature failure and the measured strain field provides the input data for predicting the reduced life.  While visual 
observation and comparison of strain fields is possible, it does not offer a very viable approach to large-scale inspections.  
The automation of the process is not straightforward because data collected in-service during maintenance inspections may 
not be located in the same spatial coordinate system, at the same scale or orientation as the benchmark data acquired from 
a virgin component.  In addition, each data set may consist of the order of million pieces of information rendering 
quantitative comparisons cumbersome and potentially expensive.  Image decomposition allows such images to be 
represented by less than a hundred coefficients through exploiting the redundancy present in most images.  In this 
research, two-dimensional fields of strain, i.e. maps of strain, have been treated as images; thereby, enabling the use of 
geometric moments that are invariant to rotation, scale and translation as a means of representing strain data.  The image 
descriptors for a specific strain field can be grouped in a feature vector so that the feature vectors for strain fields in 
damaged and virgin component can be compared using the Euclidean distance between the vectors in multi-dimensional 
space.  The Euclidean distance between feature vectors represent strain fields in undamaged and damage laminates has 
been found to correlate well with the level of damage measured using ultrasound and extremely well with the energy of 
impact used to induce the damage. 
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1. Introduction 
The fatigue performance of composite components is relatively intolerant of damage arising from 
impacts.  In order to avoid unexpected failure of composite components arising from barely visible 
damage, non-destructive evaluation (NDE) is an essential part of many maintenance and inspection 
regimes for composites.  A fundamental tenet of non-destructive evaluation is that the current state or 
condition of a component under inspection is compared with a prior state, as in structural health 
monitoring [1].  In many instances the prior state is the virgin or as manufactured state which it is 
assumed corresponds to a defect free or close to perfect condition so that no evaluation of this state is 
required.  It is usual to evaluate the state or condition by assessing the effect of the component on the 
transmission of electro-magnetic radiation of various wavelengths including, x-rays, ultrasound and 
infrared.  In the absence of flaws or damage, the radiation is transmitted, or absorbed uniformly; however, 
in the presence of cracks, disbonds, delaminations and other types of flaws and damage, the transmission 
or absorption of the radiation is not uniform and thus reveals the existence and location of the 
inhomogeneity.  This type of information, i.e. existence and location of damage, equates to levels 1 and 2 
in Rytter’s [2] classification of the information required in damage assessment and remanent life 
evaluation.  Level 3 information, which relates to the extent of the damage, can sometimes be determined 
using classical techniques of non-destructive evaluation; however, level 4 information about remanent life 
is rarely available from such techniques.  Farrar and Worden [3] have made the same assessment of 
structural health monitoring capabilities.   
An alternative approach is to consider the strain distribution induced in components subject to some 
low level of loading that is representative of the form, though preferably not the magnitude, of loads 
expected in service.  In this approach, it is essential to acquire data in the prior state and to compare it to 
the current state.  It is preferable to use the virgin state as, at least the initial, prior state; although the use 
of subsequent states will allow the progression of damage to be tracked.  The advantage of this approach 
is that the strain field in the component can be used to predict the remanent life of a component.  When 
the sensitivity of the strain measurement system is sufficient then damage that does not cause any change 
in the strain field is of no interest, because it will not cause any change in the structural prognosis of the 
component.  Such an approach has not been commonplace for a number of reasons.  These reasons 
include: the lack of technologies for measuring strain fields easily and cheaply; the difficulty in making 
quantitative comparisons of data-rich strain fields obtained from measurements; and the lack of reliable 
methods for predicting the fatigue life of damaged composites.  Recent work by Sutton et al [4] and 
others has provided powerful two- and three-dimensional methods for measuring deformation fields and 
evaluating strain fields in engineering components.  Work is in progress to develop reliable means of 
predicting the fatigue life of damage composite components.  Reported here, are efforts to develop a 
methodology for making quantitative comparisons between data-rich strain fields measured in damage 
composites and to establish a quantitative damage indicator. 
2. Methodology 
Digital image correlation (DIC) allows full-field maps of strain to be acquired for the surface of a 
component based on measurements of surface displacements.  These maps can contain between 105 and 
106 data points, i.e. they are data-rich, and thus the comparison of such maps is not straightforward, 
particular when the maps being acquired are separated temporally by periods in service.  In other words, 
data maps are likely to be acquired during inspections when a component is out of service and between 
which the component experiences periods in service.  Consequently, it is unlikely that the DIC system 
will be set-up in exactly the same location relative to the component, or even the same orientation and 
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magnification.  The implications of this lack of reproducibility are that the resultant data maps will not 
have a common coordinate system, orientation, magnification or pitch of data points, which further 
inhibits a quantitative comparison.  Recently, it has been proposed that image decomposition can be used 
to generate a feature vector which is an accurate representation of a strain field in an engineering 
component [5].  When appropriate orthogonal shape descriptors are employed to perform the image 
decomposition, then the process is invariant to rotation, scale and translation, and only between 101 and 
102 coefficients are required in the feature vector.  Thus, this process removes most, if not all, of the 
difficulties described above in comparing data-rich strain fields.  Patki and Patterson [6] have proposed 
that Zernike polynomials are suitable orthogonal shape descriptors although the data may need to be 
transformed into the frequency domain using the fast Fourier transform when there are discontinuities 
present in the strain maps due to component boundaries and stress raisers.  The pair of feature vectors 
representing the strain fields in a component before and after a period of service can be considered to 
exist in multi-dimensional space so that the distance between them can be computed as the Euclidean 
distance between two vectors.  Or, a statistical comparison of their coefficients can be made using, for 
instance, the Pearson correlation coefficient.  Patki [7] has explored combinations of these approaches 
and based on his conclusions the following methodology has been adopted here to illustrate the principles 
described above.   
Strain fields, obtained using two-dimensional digital image correlation, were transformed from the 
spatial to the frequency domain using the fast Fourier transform.  The natural logarithm of the magnitude 
of the Fourier coefficients were taken as being representative of the strain field and decomposed using 
Zernike polynomials of order twenty.  The details of the application of Zernike moments for image 
decomposition of strain fields are described elsewhere [5 – 7] and so are not reproduced here.  Figure 1 
shows the strain fields for a virgin and a series of damage composite plates together with the 
corresponding Zernike moments representing the magnitude of the strain field in the frequency domain, 
which have been termed Fourier-Zernike moments [7].  The coefficients of the feature vector were 
limited to those whose magnitude was greater than or equal to one tenth of the maximum coefficient.  The 
accuracy of this representation can be verified by reconstruction of the strain field in two stages: first, by 
reconstruction of the natural logarithm of magnitude of the Fourier coefficients; and second by 
performing an inverse Fourier transform on the reconstructed Fourier field. 
The methodology described in the preceding paragraph was applied to a series of panels that had been 
subject to relatively low levels of impact damage as well as a virgin specimen.  The feature vectors 
obtained from the panels were compared using the Euclidean distance, E(p, q) between them in N-
dimensional space defined as 
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where N is the number of coefficients in each vector and, pi and qi are the coefficients of the two 
feature vectors.   
3. Experimental Procedure 
Specimens were cut from a sheet of nine ply [0/90/0/90/0/90/0/90/0]° GFRP material of thickness 3.5 
mm using a diamond saw.  The specimens, which were 240mm long and 60mm wide, were subject to 
drop-weight loading using a hemi-spherical tup of diameter 15mm which did not penetrate the specimen.  
The weight of the tup was constant but the height from which it was dropped was varied in increments 
such that the energy of impact ranged from nominally 30J to 37.5J in increments of 2.5J.  An additional 
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specimen was not subjected to any impacts and was treated as a virgin specimen for the purposes of 
comparison. 
All specimens were examined using ultrasound (UltraPAC II® ultrasonic system from Physical 
Acoustics Corporation, Princeton Jct., New Jersey, USA) to obtain C-scan and time of flight data fields.  
A simple binary filter was applied to the time of flight data between the outer laminate and its neighbour 
on the reverse face from the impact, in order to facilitate the assessment of the extent of the damage.  The 
width of the delaminated area transverse to the longitudinal axis of the specimens was taken to be 
characteristic. 
Strain fields were obtained for each specimen when subject to a tensile load of 8kN which was applied 
in increments of 0.667kN along the longitudinal axis via metal tabs bonded to the ends to ensure uniform 
transfer of load.  Two-dimensional digital image correlation was employed for this purpose using a high 
resolution CCD camera with 2048u2048 pixels located 0.5m from the face of the specimen that was not 
 
Figure 1: Maps of maximum principal strain from DIC (left) and their corresponding Fourier-Zernike moments 
(right) for specimens impacted at energy levels of 0J, 30J, 32.5J, 35J & 37.5J (from top to bottom) and then 
subjected to a tensile load of 8000N; the inset plots show the same data with the first forty moments omitted 
(reproduced from Patki and Patterson [11]). 
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impacted, i.e. the reverse face.  This face of each specimen was sprayed black and then with a white 
speckle pattern of sufficient contrast and resolution to provide an adequate basis for the digital image 
correlation [4].  The pattern was illuminated using a HILIS cold light system supplied with the 
commercial DIC system (Q-400 from Dantec Dynamics, Denmark) which was used to process the data to 
strain fields.  The correlation was performed with a facet, or sub-image size of 17 pixels with a 5-pixel 
overlap so the displacement vectors were obtained at a pitch of 12 pixels.  The strain fields resulting from 
the application of an 8kN tensile load to the damaged specimens are shown in Figure 1 for various levels 
of impact damage. 
Transformation of the individual strain fields into the frequency domain and the subsequent image 
decomposition was performed using a specially-written code in MatLab, ImPaCT (Image Pattern 
Comparison Technique) [7] which also allowed the reconstruction to be performed so the level of 
information preservation could be assessed.  The Fourier-Zernike moments based on polynomials of order 
order twenty, which represent the strain fields described above, are shown in figure 1.  
4. Discussion 
The Euclidean distance, E(p, q) between the feature vectors representing the strain field in the virgin 
and damaged specimens is shown in figure 2 as a function of the impact energy and of the width of the 
delamination measured from the time of flight data.  The correlation with the impact energy is excellent 
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Figure 2 – Euclidean distance between the Fourier-Zernike Moments for virgin and damaged composite panels 
as a function of the impact energy that induced the damage and the width of the damage perpendicular to the 
longitudinal axis as assessed using time of flight ultrasound data. 
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(R2=0.99) and with the width of the delamination is good (R2=0.88).  The correlations of the Euclidean 
distance with the area of damage and its length along the longitudinal axis of the specimen are 
comparable to that with the width but less good.  The results suggest that the Euclidean distance between 
the feature vectors representing the strain fields measured in undamaged and damaged laminates is an 
excellent indicator of the level of impact energy sustained by the laminate.  Thus, the Euclidean distance 
between strain feature vectors has the potential to be powerful diagnostic tool in the non-destructive 
evaluation of composite laminates. 
The process of image decomposition introduces uncertainty because the feature vector will never be an 
exact or perfect representation of the measured strain field.  The level of this uncertainty can be assessed 
by comparing the original and reconstructed strain fields.  Work is in progress to examine alternative, and 
potentially more accurate, approaches to image decomposition using Tchebichef and Krawtchouk 
polynomials instead of Zernike.  In addition to the uncertainties introduced by the image decomposition, 
there will be uncertainties associated with the measurement of the strain fields.  These uncertainties can 
be assessed as part of the calibration process for the digital image correlation system [8, 9].  The sum of 
these uncertainties will imply that the Euclidean distance between two strain fields measured in the same 
specimen is very unlikely to be zero and is even less likely to be zero for two strain fields measured in 
two nominally identical specimens.  Thus, some level of scatter in figure 2 would always be expected and 
can be defined based on assessments of the two uncertainties mentioned above.  It is probable that there is 
a substantial contribution to the lower correlation coefficient, for the data comparison with the ultrasound 
results, from the higher level of uncertainty in these results than in the measurement of the impact energy. 
The value of the Euclidean distance, taking account of uncertainties provides an indication of the 
presence and extent of damage, i.e. level 1 and 3 information in Rytter’s classification.  The location of 
the damage is clearly identifiable from the strain field in the damage specimen; however the magnitude of 
specific coefficients in the feature vector may also provide level 2 and 3 information relating to location 
and extent of the damage.  Further work is needed to establish these relationships.  The strain field in the 
damage specimens forms a sound basis for predicting the remanent fatigue life, i.e. level 4 information; 
however, there is a lack of reliable models for predicting progressive damage in composites [10], which 
presents an obstacle in the prediction of their fatigue life.  The provision of higher levels of information 
on Rytter’s classification is a considerable advantage; however, perhaps more valuable is the objective 
nature of the process, which could be easily automated to generate a quantitative measure of damage. 
The approach illustrated in this study is applicable to composite laminates in which the surface strain 
distribution will act as a witness to changes in the strain field in the interior of the component.  However, 
for thicker components the changes in the surface strain may be too small to be detectable by the 
measurement system.  Therefore, it will be important to be aware of the limitations of the measurement 
technique employed to evaluate strain.  This limitation is not dissimilar to that experienced when applying 
conventional non-destructive evaluation techniques, which may not be able to detect damage deep within 
a thick section component. 
5. Conclusions 
A new approach to quantitative evaluation of damage in composites has been presented which is based on 
changes in the surface strain field induced by damage.  The strain field is represented in a dimensionally 
reduced form using orthogonal shape descriptors via an image decomposition process, so quantitative 
comparison of strain fields from virgin and damaged components is relatively straightforward.  The distance 
between feature vectors representing the strain fields has been quantified in multi-dimensional space using the 
Euclidean distance between them and provides a potentially powerful quantitative measure of damage.  The 
relationship between the Euclidean distance and the impact energy that induced the damage is linear with a 
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correlation coefficient of 0.99.  The relationship with the extent of damage assessed using ultrasound is also 
linear but with a correlation coefficient of 0.88. 
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